MicroRNAs (miRNAs) are involved in the regulation of important biological processes. Here, we describe a novel Drosophila miRNAs involved in aging. We selected eight Drosophila miRNAs, displaying high homology with seed sequences of aging-related miRNAs characterized in other species, and investigated whether the over-expression of these miRNAs affected aging in Drosophila adult flies. The lifespan of adults over-expressing miR-305, a miRNA showing high homology with miR-239 in C. elegans, was significantly shorter. Conversely, a reduction in miR-305 expression led to a longer lifespan than that in control flies. miR-305 over-expression accelerated the impairment of locomotor activity and promoted the age-dependent accumulation of poly-ubiquitinated protein aggregates in the muscle, as flies aged.
| INTRODUCTION
Although it is well known that aging progresses under the influence of various external factors, genetic factors also play important roles in promoting aging. As the product of the lin4 gene, which regulates the lifespan of C. elegans, turned out to be a microRNA (miRNA), small noncoding RNAs of 18-25 nucleotides in length have been receiving attention as important factors in aging (Boehm & Slack, 2005; Lee, Feinbaum, & Ambros, 1993; Smith-Vikos & Slack, 2012) . More than 1,000 species of miRNAs have been so far identified from various organisms other than C. elegans (Friedman, Farh, Burge, & Bartel, 2009; Landgraf et al., 2007; Pasquinelli et al., 2000) . miRNAs selectively bind to complementary sequences in the 3ʹ untranslated region (3ʹ UTR) of target mRNAs and can induce mRNA degradation and/or repress the translation of these mRNAs. Two to eight nucleotides at the 5ʹ end of a mature miRNA, known as the seed sequence, are important for mRNA targeting. A partial double-stranded RNA consisting of a miRNA and its target mRNA is recognized by the RNAinduced silencing complex (RISC). This results in the degradation of target mRNAs or in the translational inhibition of these mRNAs. Thus, miRNAs can influence important biological processes by regulating cellular mRNAs (Bartel, 2004; Lewis, Burge, & Bartel, 2005; Rajewsky, 2006) .
Multiple miRNAs potentially involved in the aging process have been described from several species. For example, the over-expression of miR-71 in C. elegans can extend lifespan in worms. Conversely, the over-expression of miR-239 shortened lifespan in C. elegans (de Lencastre et al., 2010) . Moreover, mammalian miR-22 induced senescence in cultured human fibroblasts (Xu et al., 2011) . These previous studies suggest that miRNAs may have important contributions in regulating the progression of aging in various species, from C. elegans to humans. Nevertheless, the precise mechanism through which miRNAs influence the progression of aging remains to be uncovered in most cases.
In this study, we first selected eight Drosophila miRNAs and examined whether miRNA over-expression at the adult stage influenced the progression of aging in Drosophila. To evaluate the extent of aging, we examined the age-dependent loss of locomotor activity in adult flies using established methods, such as the climbing assay (Grotewiel, Martin, Bhandari, & Cook-Wiens, 2005; Martinez et al., 2007; Miller et al., 2008; Oka, Hirai, Yasukawa, Nakahara, & Inoue, 2015) . The extent of muscle aging can be more readily estimated by counting the number of abnormal protein aggregates accumulated in the indirect flight muscles (Demontis & Perrimon, 2010; Oka et al., 2015) , as protein aggregates containing damaged proteins increase in number and size with aging (Demontis & Perrimon, 2010; Demontis, Piccirillo, Goldberg, & Perrimon, 2013) .
To identify miRNAs involved in the aging process in Drosophila, we selected five miRNAs known to be involved in aging in other species, such as the C. elegans miR-239 and the human miR-34, miR-96, miR-103b and miR-200 . Among these, a depletion of miR-239 can extend lifespan in worms, whereas its over-expression shortens lifespan (de Lencastre et al., 2010) . Its Drosophila orthologue, miR-305 mediates adaptive homeostasis in the intestinal stem cells of the guts (Foronda, Weng, Verma, Chen, & Cohen, 2014) . It is also involved in regulation of p53 in metabolic adaptation to nutrient deprivation in the fat body (Barrio, Dekanty, & Milán, 2014) . miR-34 has been used as a cellular senescence marker in human cultured cells, as the expression of this miRNA increases in senescence (Yamakuchi, Ferlito, & Lowenstein, 2008; Yamakuchi & Lowenstein, 2009 ). Furthermore, a mutation in the miR-34 Drosophila orthologue shortened lifespan in flies and was associated with neuronal degeneration (Liu et al., 2012) . Additionally, the mammalian miR-96b was identified as responsible for a genetic disorder affecting the survival of hair cells and for age-associated deafness (Lewis et al., 2009; Mencía et al., 2009) .
Moreover, it is suspected that the human miR-103b is involved in tumorigenesis (Hooten et al., 2010) , whereas both miR-103 and miR-107 are implicated in the regulation of insulin sensitivity in mice (Trajkovski et al., 2011) . Lastly, miR-200 is widely conserved in eukaryotic genomes, from C. elegans to humans, and can stimulate the proliferation of tumor cells (Korpal et al., 2011; Michael, O'Connor, van Holst Pellekaan, Young, & James, 2003) . In addition, previous studies have suggested that another three Drosophila miRNAs, miR-14, miR-263a and miR-277 are also implicated in aging-related processes (Esslinger et al., 2013; Hilgers, Bushati, & Cohen, 2010; Xu, Vernooy, Guo, & Hay, 2003) . Thus, we included these three miRNAs in our analyses, to further investigate whether the over-expression of these miRNAs at the adult stage can influence lifespan in flies.
In this study, we identified miR-305 as an age-related miRNA in Drosophila. miR-305 contains sequences exhibiting high homology with seed sequences of aging-related miRNAs, such as miR-239 in C. elegans. We induced the ubiquitous over-expression of miR-305, as well as its depletion using the miRNA sponge method (Ebert, Neilson, & Sharp, 2007) . We showed that the over-expression of miR-305 significantly shortened, whereas its depletion extended lifespan in flies. miR-305 over-expression also promoted an age-dependent impairment in locomotor activity and led to the accumulation of aggregates containing damaged proteins in the muscle, whereas a significant suppression of these phenotypes was observed in adult flies in which these miRNAs had been depleted. These observations suggest that alterations in miR-305 levels influence not only lifespan, but also muscle aging in Drosophila adults. Moreover, to identify possible miR-305 target mRNAs, we carried out a comprehensive RNA-seq analysis. As a result, we found 238 down-regulated and 301 up-regulated genes in adults over-expressing miR-305. Among the down-regulated transcripts, at least 11 genes were involved in the innate immune system. Moreover, we showed that the expression of these genes increased during the normal aging process in Drosophila. We also identified multiple sequences complementary to the miRNA seed sequences in at least four up-regulated transcripts. Based on these results, we discuss a possible mechanism by which miR-305 regulates the progression of aging.
| RESULTS

| The ubiquitous over-expression of miR-305 shortens the lifespan of adult flies, whereas its depletion results in lifespan extension
To identify novel miRNAs involved in aging in flies, we initially selected five miRNAs considered to be involved in aging : miR-239 in C. elegans and miR-34, miR-96, miR103b and miR-200 in H. sapiens . Moreover, we identified the Drosophila orthologues for each of these miRNAs as miR -305, miR-34, miR-263b, miR-282 and miR-8, respec- tively. These orthologues contained sequences that completely matched the seed sequences of each age-related miRNA using the miRMaid software (Jacobsen et al., 2010) . In addition, we included another three Drosophila miRNAs, miR-14, miR-263a and miR-277 for further examination, as these three miRNAs have been suspected to be | Genes to Cells
involved in aging. We next examined whether these eight miRNAs affected lifespan in adult flies. First, we induced the ubiquitous over-expression of these miRNAs in adult males, using the Gal4/UAS system, and monitored the survival rate of the flies every 24 hours. Until eclosion, the individuals (da<miRNA) and the control males (da-Gal4/+) were reared at 25°C. The newly enclosed adults were collected within 24 hours and transferred to 28°C to induce miRNA over-expression. Individuals displaying a moderate over-expression of miR-8 (da<miR-8), miR-14(da<miR-14) , miR-263b (da<miR-263b) , miR-263a (da<miR-263a) and miR-282 (da<miR-282) exhibited lethality before reaching the adult stage, whereas no significant alteration in the adult lifespan was observed in adults with a higher overexpression of miR-8 (Act5C<miR-8), miR-14 (da<miR-14) and miR-305 over-expression at the adult stage (magenta) and in control adults (blue). The adult flies (da<miR-305), reared at 25°C until eclosion, were collected and transferred to 28°C thereafter. The adults showed a significantly shorter lifespan, compared with that in controls (da-Gal4/+) (n > 100). p < .01, log-rank test. (b) Lifespan curves of adult flies with adult stage-specific over-expression of miR-305 at the adult stage (magenta) and of controls (blue). The adult flies (Act5C, Gal80 ts <miR-305), reared at 25°C until eclosion, were transferred to 28°C thereafter. miR-305 over-expression at the adult stage also significantly shortened lifespan, compared with that in the controls (da-Gal4/+) (n > 100). p < .01, log-rank test. (c) Lifespan curves of adults depleted for functional miR-305 using the miRNA sponge system (magenta), compared with controls (blue, Act5C>scramble sponge) (n > 100). (p = .05, log-rank test). Genes to Cells
(Act5C>scramble sponge) (p = .05, log-rank test, Figure 1c ). The number of days required for a 50% reduction in adult viability (47 days) was also extended by 3 days, compared to that in control males (44 days) (Figure 1 ).
| miR-305 levels decrease as normal flies age
As our results suggested a positive correlation between the adult lifespan and the amount of miR-305, we next examined whether miR-305 levels changed as normal adult flies aged. We quantified the amount of miR-305 in young (3-day-old) and aged male flies (30-day-old) by quantitative real-time PCR (qRT-PCR). The levels of miR-305 in 30-day-old adults decreased to 12.4% of those in 3-day-old flies ( Figure 1d ).
2.3 | miR-305 over-expression accelerates, whereas its depletion suppresses the agedependent loss of locomotor activity
We next examined whether the observed alterations in lifespan associated with miR-305 levels are due to a promotion or a suppression of aging. First, we carried out the climbing assay to quantify the locomotor activity of flies every 5 days after eclosion. At 1 day after eclosion, no differences were observed between adults over-expressing miR-305 (da>miR305) and control male flies (da-Gal4/+). However, the loss of locomotor activity became evident at 15 days after eclosion (n > 100, p < .05, Student's t test) ( Figure 2a ). We further examined whether the age-dependent loss of locomotor activity changed in adult males depleted for miR-305. In both control adults (Act5C>scramble sponge) and in adults depleted for miR-305 (Act5C>miR-305 sponge), locomotor activity declined with age. Although no significant differences were observed between flies just after eclosion, the locomotor activity in miR-305-depleted adults was maintained at a higher level from 5 days after eclosion, compared with that in the controls, when assessed in 5-to 10-day-old and 30-to 45-day-old adults (Act5C>scramble sponge) (p < .05) (Figure 2b ). These observations indicate that the age-dependent impairment in locomotor activity was suppressed in adults harboring a ubiquitous depletion of miR-305.
| miR-305 over-expression accelerates and its depletion reduces accumulation of abnormal protein aggregates in muscle
To further examine the direct effect of miR-305 on the progression of aging, we next investigated whether miR-305 levels affected the age-dependent accumulation of polyubiquitinated protein aggregates in the adult fly muscles. As the adult flies age, abnormal protein aggregates accumulate in the muscle, and their number and size increase. Thus, to estimate the extent of muscle aging, we carried out immunostaining of indirect flight muscles derived from 3-day-old and 30-day-old adults over-expressing miR-305 (da>miR-305) and controls (da-Gal4/+), using an antibody against poly-ubiquitinated proteins. Using confocal microscopy, we found an average of three aggregates per optic field (4.0 × 10 −2 mm 2 ) in control muscles from 3-day-old adults (n = 39). The number increased to an average of 36 aggregates in muscles of 30-day-old adults (n = 26) (upper two columns in Figure 3a , the light blue bar and the blue bar in Figure 3b ). Conversely, the number of abnormal protein aggregates in muscles from miR-305-over-expressing flies F I G U R E 2 Climbing assay to quantify locomotor activity in adult males over-expressing or depleted for miR-305. (a) Climbing activity in adults with ubiquitous miR-305 over-expression (magenta) and that in controls (blue). The adult flies, reared at 25°C before eclosion, were transferred to 28°C thereafter. miR-305 over-expression promoted an age-related impairment in climbing ability in adults, compared with that in controls (da-Gal4/+). The points on the y-axis show the scores of flies that climbed above a line drawn at a certain height from the bottom, within a predetermined period (see Experimental procedures). (n > 100, **p < .01, *p < .05 (Student's t test). (b) Climbing activity in adults depleted for miR-305 using the miRNA sponge system (Act5C>miR-305-sponge) (magenta), compared with that in control flies (Act5C>scramble sponge) (blue). The ubiquitous depletion of miR-305 at the adult stage slightly suppresses the age-related impairment in the climbing ability of adults, compared with that in controls (Act5C>scramble sponge). (n > 100, **p < .01,
significantly increased to an average of 7 in 3-day-old and an average of 108 in 30-day-old flies (p < .01, Student's t test) (lower two columns in Figure 3a , the light pink bar and the pink bar in Figure 3b ). To further confirm the relationship between miR-305 levels and the progression of muscle aging, we examined whether miR-305 depletion influences the age-dependent accumulation of abnormal protein aggregates. We found an average of 48 aggregates per optic field in the muscles of 45-day-old adults depleted for miR-305 (Act5C>miR-305 sponge, n = 45), compared with those in control muscles at the same age (an average of 158 aggregates, Act5C>scramble sponge, n = 34). These data indicate that the accumulation of abnormal protein aggregates is significantly suppressed by the depletion of miR-305 (p < .01, Student's t test) (Figure 3c,d ).
| miR-305 over-expression enhances sensitivity to oxidative stress, whereas its depletion suppresses the reduced viability
To uncover the mechanism underlying the role of miR-305 in aging in Drosophila, we next investigated whether oxidative stress accumulation was associated with miR-305 levels. As a consequence of an increase in oxidative stress, the expression of the gstD gene is induced. Thus, we examined the induction of this gene using the gstD-GFP reporter. We observed a higher GFP fluorescence intensity in adults over-expressing miR-305 ( Figure S1bʹ , right in Figure S1cʹ ), compared with that in the controls Figure S1aʹ , left in Figure S1cʹ ). Our qRT-PCR analysis confirmed at least a 30% increase in the mRNA levels of the oxidative stress marker gene, compared with those in the Genes to Cells
controls ( Figure S1d) . Indeed, the viability of adult males ubiquitously over-expressing miR-305 sharply declined on a fly food containing 10 mm paraquat, compared with that in control male flies (da>miR-305) under the same oxidative conditions (n > 100, p < .01, Figure 4a ). Conversely, adults ubiquitously depleted for miR-305 (Act5C>miR-305 sponge) showed a slight suppression of the loss in viability under 10 mm paraquat, when compared with the controls (Act5C>scramble sponge) (n > 100, p < .01, Figure 4b ). These results suggest that oxidative stress accumulated in adults over-expressing miR-305.
As a previous report has described that the expression of the p53 gene is regulated by miR-305 in the Drosophila fat body during the larval stage (see Introduction), we carried out qRT-PCR to examine whether p53 expression changed in adults over-expressing miR-305 (da<miR-305). Similar levels (1.06-fold increase compared to control) of p53 transcripts were observed in miR-305 over-expressing adults and controls (da-Gal4/+) ( Figure S2a ).
| Identification of target mRNAs with
significantly altered expression upon miR-305 over-expression using RNA-seq
As the ubiquitous over-expression of miR-305 during the adult stage affected mRNA levels, we next performed a comprehensive RNA-seq analysis to identify possible miR-305 targets. We determined the DNA sequences of 43,241,397 cDNA clones prepared from mRNAs expressed in control adult males (da-Gal4/+) and 42,671,255 cDNA reads from adults ubiquitously over-expressing miR-305 (da>miR-305). The RNA-seq reads were mapped to a total of 15,906 mRNAs and miRNAs ( Figure S3 ). The mapping frequencies of the reads were 93.7% for the controls and 97.2% for the adults over-expressing miR-305. We found 238 genes for which the mRNA levels decreased to less than 50% of those in the control. We also identified another 301 genes whose mRNA levels more than doubled compared to those in the control. Among the down-or up-regulated genes in adults over-expressing miR-305, we compiled lists of genes showing remarkable alterations in mRNA levels and of genes related to aging (Tables 1 and 2 , respectively). Fourteen percent of the down-regulated mRNAs that showed less than a 50% decrease corresponded to noncoding RNAs (Table 1) .
One of the most remarkable decrease in transcript levels (0.4% of the control) upon miR-305 over-expression was observed for the MRE16 noncoding RNA, whose function is unknown. Among the down-regulated genes, we found eleven genes encoding immunity-related proteins including antimicrobial peptides (AMPs) ( Table 1) . However, 18 genes encoding odorant receptors such as Obp59a were listed among the up-regulated genes whose mRNA levels increased by twofold or more times ( Table 2) . One of the most distinct increases (1,015-fold higher than the control) was observed for the CG32581 transcript, which encodes a protein possibly involved in ubiquitination. In addition, transcripts of insulin-like peptide genes, Dilp2 and Dilp5 and tobi, that encode a target of insulin peptides in the brain, were also up-regulated in adults over-expressing miR-305 (Table 1) . Conversely, mRNAs for other insulin-like peptide genes, dilp6 (77% of the control) and dilp8 (43% of the control), were slightly down-regulated upon miR-305 over-expression. The RNA-seq analysis showed almost no changes in p53 mRNA levels upon miR-305 over-expression, although p53 gene expression was previously shown to be regulated by miR-305 in the fat body (see Introduction). However, consistent results were obtained using qRT-PCR. Thus, we concluded that p53 is not a target of miR-305 during aging at the adult stage. The number of mRNA reads expressed in male flies over-expressing miR-305 (da>miR-305). d The ratio of the number of mRNA reads in male flies over-expressing miR-305 to that in control flies.
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| mRNAs for several AMPs, which are originally up-regulated with aging, are downregulated in adults over-expressing miR-305
As our RNA-seq analysis showed that the mRNA levels for several AMPs were considerably decreased, we next confirmed whether the expression levels for four representative AMPs drosomycin, metchnikowin, diptericin and cecropin intrinsically changed as adult males aged, using qRT-PCR. We found that these four mRNAs were up-regulated 1.9-fold, 9.9-fold, 8.1-fold and 3.9-fold, respectively, in 30-day-old aged flies, when compared with young 3-day-old flies ( Figure 5a ). Next, we confirmed the down-regulation of these genes in adults over-expressing miR-305, using qRT-PCR. Compared with the controls (da-Gal4/+), the drosomycin, metchnikowin, diptericin and cecropin mRNA levels in adults over-expressing miR-305 decreased to averagely 54%, 34%, 14% and 13% of the control, respectively (Figure 5b ). In this study, we showed that the ectopic over-expression of miR-305, whose levels decline with aging, did not only shorten lifespan in Drosophila, but also accelerated the progression of aging in the muscles. We also found that several mRNAs encoding antimicrobial peptides decreased, but conversely, mRNAs for two insulin-like peptides and the related protein increased in adults harboring the miR-305 over-expression.
| DISCUSSION
In this study, we identified miR-305, which influenced the progression of aging in Drosophila, and investigated the mechanism underlying the role of miR-305 in aging by identifying miR-305 target mRNAs. First, we selected eight Drosophila miRNAs that contained sequences with high homology to seed sequences of aging-related miRNAs that have been previously identified in other species. Second, we showed that the ubiquitous over-expression of miR-305 during the adult stage significantly shortened lifespan, whereas miR-34 overexpression extended lifespan in flies. Conversely, adults depleted for miR-305 displayed a subtle extension in the adult lifespan. miR-305 levels naturally decrease with aging in normal adults. Next, we examined whether alterations in miR-305 levels influenced the age-dependent adult phenotypes. Adults over-expressing miR-305 showed a progressive reduction in locomotor activity, whereas a significant suppression of this decrease was observed in adults depleted for this functional miRNA. We further showed that miR-305 overexpression promoted the age-dependent accumulation of aggregates containing damaged proteins in the indirect flight muscles, whereas fewer aggregates were found in adults depleted for miR-305. To identify possible targets of miR-305, we next carried out a comprehensive RNA-seq analysis.
As a result, we found 238 genes whose levels decreased to less than 50% of those in the controls in adults harboring the over-expression, as well as 301 genes whose levels increased to more than twofold of those in the controls. Among the down-regulated genes, we identified at least 11 genes linked to the innate immune system. Moreover, we detected multiple sequences complementary to the miRNA seed sequences in these mRNAs. In addition, the expression of four AMP genes naturally increased with normal aging in Drosophila. Finally, our RT-PCR analysis also confirmed that the mRNA levels of these four AMPs were down-regulated upon miR-305 over-expression.
3.1 | The up-regulation of miR-305, a miRNA whose levels decrease with aging, promotes aging in Drosophila miR-305 was identified as a Drosophila miRNA containing the same seed sequences as those of miR-239 and miR-238, both of which influence aging in C. elegans. We have shown that the ubiquitous over-expression of miR-305 shortened lifespan, whereas its depletion extended lifespan in flies.
The over-expression of miR-239 also shortened the lifespan of C. elegans; conversely, its depletion extended lifespan in worms (de Lencastre et al., 2010; Pincus, Smith-Viklos, & Slack, 2011) . Moreover, miR-238 in C. elegans possesses the same seed sequence as miR-239. The disruption of miR-238 shortened lifespan in C. elegans, although its over-expression showed no significant effects on lifespan (de Lencastre et al., 2010) . These results suggest that these two miRNAs not only contain identical seed sequences with those of miR-305, but they also share biological functions. They may possibly act in opposite ways on their target mRNAs in C. elegans, thus modulating the aging process and allowing the organism to implement a fine regulation of its target mRNAs. However, Genes to Cells
another miRNA that shares the seed sequence of miR-305 has not been identified in the Drosophila genome. The effect of miR-239 on any aging-related phenomena in C. elegans has not been investigated, although a positive correlation exists between miR-239 levels and lifespan in worms. However, we have shown that the Drosophila miR-305 affects the age-dependent loss of locomotor activity and showed that its over-expression during the adult stage results in a promotion of muscle aging phenotypes. During aging in flies, protein aggregates containing damaged proteins increase in number and size (Demontis & Perrimon, 2010; Oka et al., 2015) . In the current study, the accumulation of protein aggregates in the adult muscle was associated with miR-305 expression. These observations strongly suggest that miR-305 over-expression does not only shorten lifespan, but also promotes muscle aging. Furthermore, they allow us to speculate that the shortened lifespan, induced by the ectopic induction of miRNAs, whose levels normally decrease with age, is a consequence of accelerated aging in Drosophila.
Although we selected miR-305 as the Drosophila counterpart for miR-239, an aging-related miRNA in C. elegans, the temporal and specific expression patters of these two orthologues differ from each other. miR-239 expression increases as the worm ages, whereas the amount of miR-305 decreases with age (de Lencastre et al., 2010; this study). miR-238 is ubiquitously expressed, whereas miR-239 is expressed in the digestive organs and in neuronal cells (de Lencastre et al., 2010) . A developmental RNA-seq analysis in Drosophila showed that miR-305 is expressed during the 1st to 2nd larval stages and at a low level during the white pupal stage (http://flybase.org/reports/FBgn0262458.html). Foronda et al. also reported that miR-305 was more abundantly expressed in adult intestinal stem cells (Foronda et al., 2014) . It is known that a proliferation of intestinal stem cells in adults is induced in response to damage in aged intestinal epithelial cells (Buchon, Broderick, Poidevin, Pradervand, & Lemaitre, 2009; Jiang et al., 2009 ). Thus, it will be fascinating to explore whether alterations in miR-305 expression influence aging in intestinal epithelial cells.
| mRNAs of several AMPs represent possible miR-305 targets during the adult stage in Drosophila
It has been reported that the expression of AMPs in Drosophila commonly tends to increase with aging (Clark et al., 2015; Zerofsky, Harel, Silverman, & Tatar, 2005) . This is consistent with our qRT-PCR results, showing that the mRNA levels of four AMPs increase as flies age. In adults over-expressing miR-305, the transcript levels for these AMPs decreased, compared with those in the controls. Multiple instances of sequence complementary against the seed sequence of miR-305 exist in the 3ʹ UTRs of these mRNAs ( Figure 6 ). Thus, it is possible to conclude that miR-305 targets these mRNAs to negatively regulate their expression. miR-305 levels naturally decrease as flies age. This allows for the expression of multiple AMPs to increase simultaneously and helps the organism strengthen its biological defenses against bacterial infections, a function that declines with aging. Fullaondo and Lee have reported that miR-305 targets the mRNA encoding ModSP, a component of the Toll-mediated immune-response pathway (Fullaondo & Lee, 2012) . The Toll pathway can induce AMPs, such as drosomycin, in response to infection with Gram-positive bacteria and fungi. Although this previous report mentions that the ModSP mRNA contains sequences complementary to miR-305, the authors have not examined whether ModSP expression changes in response to miR-305 levels. To evaluate our hypothesis regarding the influence of miR-305 on the progression of aging through the regulation of the innate immune pathway, further investigations are required. 3.3 | The positive regulation of mRNAs for insulin-like peptides by miR-305 and its influence on aging progression miR-239 in C. elegans can activate the insulin/insulin-like growth factor signaling (IIS) pathways (de Lencastre et al., 2010) . The IIS pathway is highly conserved among multicellular organisms and plays an important role in energy production through the stimulation of sugar uptake (Barbieri, Bonafè, Franceschi, & Paolisso, 2003; Taleman, 2010) . It has been reported that the inhibition of these pathways results in lifespan extension (Altintas, Park, & Lee, 2016; Barbieri et al., 2003; Clancy et al., 2001; Friedman & Johnson, 1988; Holzenberger et al., 2003; Tatar et al., 2001) . Our RNA-seq analysis showed that the tobi mRNA, a target gene for insulin in the brain, and mRNAs for the insulin-like peptides dilp2 and dilp5 increased upon miR-305 over-expression. Conversely, mRNAs for other insulin-like peptides, dilp6 and dilp8, were down-regulated to 40%-70% of the controls upon miR-305 over-expression. Dilp2 and dilp5 are secreted by insulin-producing cells in the brain and are involved in stimulating the sugar metabolism (Brogiolo et al., 2001; Broughton et al., 2005; Ikeya, Galic, Belawat, Nairz, & Hafen, 2002) , whereas dilp6 inhibits dilp2 expression. Dilp6 over-expression extended lifespan in flies (Bai, Kang, & Tatar, 2012; Okamoto et al., 2009 ). Thus, we speculate that miR-305 targets and negatively regulates the dilp6 mRNA, which results in the increased expression of dilp2. It has been reported that a reduction in the sugar metabolism eventually leads to an extension of lifespan in Drosophila (Altintas et al., 2016; Huang et al., 2015) . Another report also showed that the ectopic expression of Foxo, which is negatively regulated by the IIS signaling pathway, resulted in lifespan extension (Demontis & Perrimon, 2010) . Assuming that dilp6 is one of the targets of miR-305, its down-regulation results in an unexpected activation of the IIS pathway. Thus, oxidative phosphorylation in the mitochondria is certainly stimulated, and as a consequence, ROS production is enhanced. This is consistent with our results, showing that an increased sensitivity against oxidative stress and the induction of the oxidative stress marker are observed in adults over-expressing miR-305.
In conclusion, we have identified miR-305 as a novel miRNA that influences not only lifespan but also aging in Drosophila and investigated the molecular mechanism underlying its promotion of aging. We speculate that a reduction in the target mRNA levels caused by ectopic expression of the miRNA promotes aging. Our current finding that miR-305 promotes Drosophila aging through down-regulation of mRNAs for immunity-related genes give insights into biological function of miRNAs that extend lifespan in Drosophila and other organisms.
| EXPERIMENTAL PROCEDURES
| Drosophila stocks
All Drosophila melanogaster stocks were maintained on standard cornmeal food as previously described (Oka et al., 2015) . To induce expression of miRNA genes, miR-8, miR-14, miR-34, miR-263a, miR-263b, miR-277, miR-282 and miR-305, we used the following p{UAS-miRNA} stocks, #CR42988, CR43013, CR43033, CR42938, CR42886 and CR42968, respectively, from the FlyORF (Zurich, Switzerland). Other UAS-miRNA stocks for induction of miR-282 (BL41165) and miR-305 (BL41152) were obtained from the Bloomington Drosophila Stock Center (Bloomington, IN, USA) . The following Gal4 driver stocks were used: P{da-Gal4.w}3 for ubiquitous over-expression at a moderate level, P{Act5C5C-Gal4}25F01(Act5C-Gal4), ts }20 for ubiquitous over-expression at a stronger level exclusively during the adult stage. After eclosion, the flies were collected and reared at 28°C, thereafter. These fly stocks were obtained from the Bloomington Drosophila Stock center. P{GstD1-GFP} (gstD-GFP) was used as a marker for visualization of the ROS accumulation (Oka et al., 2015; Sykiotis & Bohmann, 2008 
| Lifespan assay
For lifespan analysis, male adult flies were collected within 24 h after eclosion, and 20 flies were reared in a single plastic vial on Drosophila instant medium (Formula 4-24, Blue, Biological Supply Company) at 28°C as previously described (Oka et al., 2015) . For paraquat feeding assay, the flies overexpressing miR-305, the flies depleted for the miR-305 and control male flies were reared on the instant medium containing 10 mm Paraquat (methyl viologen dichloride hydrate; Sigma-Aldrich, St. Louis, MO, USA).
| Climbing assays
The climbing assays, which used a fly's instinct of negative geotaxis, were carried out according to a previous protocol (Oka et al., 2015; . Flies were gently tapped to the bottom of a plastic culture tube (100 mm in height and 15 mm in diameter), and
Genes to Cells
the number of flies that climbed up to a marked point (50 mm height) after 6 seconds was counted.
| qRT-PCR analysis
Total RNA was extracted from adult flies from each genotype using the Trizol reagent (Invitrogen, Carlsbad, CA, USA). cDNA synthesis from total RNA, including miRNAs with artificial poly(A) tails, was carried out using the Mir-X miRNA First-Strand Synthesis Kit (TaKaRa, Clontech Laboratories, Shiga, Japan) using an oligo dT primer. Realtime PCR was carried out using the FastStart Essential DNA Green Master (Roche, Mannheim, Germany) and a Light Cycler Nano instrument (Roche). qPCR primers were as follows: RP49-F, 5′-TTCCTGGTGCACAACGTG-3′, RP49-R, 5′-TCTCCTTGCGCTTCTTGG3′, Drosomycin-F, 5′-GTACTTGTTCGCCCTCTTCG-3′, Drosomycin-R, 5′-C AGGGACCCTTGTATCTTCC-3′, Metchnikowin-F, 5′-TAC ATCAGTGCTGGCAGAGC3′, Metchnikowin-R, 5′-ACCC GGTCTTGGTTGGTTAG-3′, Diptericin-F, 5′-CAGTCCAG GGTCACCAGAAG-3′, Diptericin-R, 5′-AGGTGCTTCCC ACTTTCCAG-3′, Cecropin-F, 5′-ATCGGAAGCTGGTTG GCTAAA-3′, Cecropin-R, 5′-GTGGTTAACCTCGAGCA GTGG-3′, p53-F, 5′-GTAGTCCCCCTGAACATGAG-3′, p53-R, 5′-CTCCAGGCAGAAGACTAAGG-3′. Each sample was duplicated on the PCR plate, and the final results average three biological replicates. For the quantification, the ∆∆Ct method was used to determine the differences between target gene expression relative to the reference Rp49 gene expression.
| RNA-sequence analysis
Total RNA was extracted from 15-day-old adults using the Trizol ® reagent (Invitrogen). The isolated RNAs were used for the construction of single-end mRNA-seq libraries, using a NEBNext Ultra Directional RNA Library Prep Kit (New England Biolabs, Ipswich, MS, USA) according to the manufacturer's recommendations. mRNA-seq was carried out on an Illumina Hi-seq 1000 instrument (Illumina, San Diego, CA, USA) using 51-bp single-end reads. Read quality was checked for each sample using FASTQC (http://www.bioinformatics.babraham.ac.uk/ projects/fastqc) (version 0.11.5). We aligned more than 40 m reads onto the reference D. melanogaster genome sequence (Ensembl rel.70 dm6) using the TopHat program version 2.0.13, with default parameters (Kim et al., 2013) . Cufflinks (version 2.2.1) was used with default parameters for transcript assembly (Trapnell et al., 2012) . The expression level of each gene was quantified as FPKMs (fragments per kilobase of exon per million mapped fragments). We carried out gene ontology (GO) analysis of genes expressed in adults and aligned the genes whose expression was significantly changed, with q-values of <0.01. The GO classification system was applied by employing the database for annotation, visualization and integrated discovery (DAVID) version 6.7 (http://david. abcc.ncifcrf.gov/). RNA-seq data have been submitted to the Gene Expression Omnibus database (accession number: GSE107158).
| Immunostaining procedures
To visualize abnormal protein aggregates containing poly-ubiquitinated proteins, immunostaining experiments using anti-mono-and anti-poly-ubiquitinated conjugate antibody (FK2, #BML-PW8810-0100 Enzo Life Sciences, NY, USA) were carried out as previously described (Oka et al., 2015) . Samples were observed with an Olympus laser scanning confocal microscope (Fv10i, Olympus, Tokyo, Japan). The brightness and contrast of whole images were adjusted with the FV10i software. Image analysis was carried out using Photoshop and Image J.
| Statistical analysis
Statistical analyses were carried out using Excel (Microsoft, USA) and p-values were calculated with the Student's t test and a log-rank test.
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